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Available online 16 June 2016Granite Powder (GP) and Iron Powder (IP) are industrial byproducts generated from the granite polishing and
milling industry in powder form respectively. These byproducts are left largely unused and are hazardous
materials to human health because they are airborne and can be easily inhaled. An experimental investigation
has been carried out to explore the possibility of using the granite powder and iron powder as a partial
replacement of sand in concrete. Twenty cubes and ten beams of concrete with GP and twenty cubes and ten
beams of concrete with IP were prepared and tested. The percentages of GP and IP added to replace sand were
5%, 10%, 15%, and 20% of the sand by weight. It was observed that substitution of 10% of sand by weight with
granite powder in concrete was themost effective in increasing the compressive and ﬂexural strength compared
to other ratios. The test resulted showed that for 10% ratio of GP in concrete, the increase in the compressive
strength was about 30% compared to normal concrete. Similar results were also observed for the ﬂexure. It
was also observed that substitution of up to 20% of sand by weight with iron powder in concrete resulted in an
increase in compressive and ﬂexural strength of the concrete.
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Sustainability1. Introduction
Concrete is the single most widely used construction material in the
world today. It is used in buildings, bridges, sidewalks, highway
pavements, house construction, dams, and many other applications.
The key to a strong and durable concrete are the mix proportions
between the various components. Less cement paste can lead to more
voids, thus less strength and durability while more cement paste can
lead to more shrinkage and less durability. The gradation and the ratio
of ﬁne aggregates to coarse aggregates can affect strength and porosity.
The mix design should also achieve the desired workability of concrete
so as to prevent segregation and allow for ease of placement. Typically, a
concrete mix is about 10% to 15% cement, 25% to 30% sand, 40% to 45%
percent aggregate and 15% to 20% water. Entrained air (5% to 7%) is
also added to concrete to improve durability. Concrete should have
enough compressive strength and ﬂexural strength to support applied
loads. At the same time it should have good durability to increase its
design life and reduce maintenance costs [1]. In general, durable
concrete will have good resistance to freeze and thaw, abrasion, sulfate
reactions, ultraviolet radiation, seawater, alkali-silica reaction, and, hnajm@rci.rutgers.educhlorides. The gradation andmaximum size of aggregates are important
parameters in any concrete mix. They affect relative proportions inmix,
workability, economy, porosity and shrinkage of concrete. Granite pow-
der, a waste material from the granite polishing industry, is a promising
material for use in concrete similar to those of pozzolanicmaterials such
as silica fume, ﬂy ash, slag, and others. These products can be used as a
ﬁllermaterial (substituting sand) to reduce the void content in concrete.
Granite powder is an industrial byproduct obtained from crushing of
granite stone and granite stone polishing industry in a powder form. It
is also generated from recycling marble tops, terrazzo, granite pavers,
and stone scraps and discards. If left on its own and is not properly
collected and stored, the ﬁne granite powder can be easily be airborne
and will cause health problems and environmental pollution.
Inhalation of granite powder ﬁne particles is a health hazard and is a
cause of lung diseases especially for people living near granite mills. In
this present work, granite powder is used as partial replacement of
sand in concrete in different percentage and the associated compressive
strength, ﬂexural, and splitting tensile strengths of concrete have been
evaluated. By doing so, natural resources of sand can be preserved and
the health hazards of these industrial wastes are minimized.
Recycling of granite dust will prevent these wastes from ending up
in landﬁlls and provides affordable, eco-friendly, solid stone for various
uses. Recycled tiles made from recycled glass or wastes from mines or
factories have been used for ﬂoors, countertops, and walls [2]. Ceramic
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generated by the production of conventional tiles. Debris series from
ﬁreclay tiles combine post-industrial and post-consumer recycled
wastes. The Debris series tile consists of 26% recycled granite dust
(post-industrial waste) from a granite cutting operation. It also contains
26% recycled glass (post-consumer waste).
Perez et al. [3] conducted a study on the use of recycled marble tops
as partial replacement of sand in concrete. The paper points out that the
researchers have analyzed the effect of replacing cement, sand, and
coarse aggregate with marble byproduct in many countries, but there
is a lack of research analyzing the use of marble waste in the United
States. This is especially true for postindustrial byproducts such as
countertop installation waste, or postconsumer products after a
building deconstruction. They highlight the advantages of using such
recycled materials in concrete because of potential cost, regulatory
and green certiﬁcation beneﬁts. In particular, they mention that the
cost of delivering waste materials to landﬁlls and the landﬁlls' fees are
especially high in localities that have stringent environmental regula-
tions such as the San Francisco Bay Area. Results from their study
showed that marble, terrazzo and granite countertop waste from con-
struction ﬁnishes activities can be effectively used as a replacement
for up to 30% coarse and ﬁne aggregate in concrete without negatively
affecting the slump, the 7-day compressive strength or the 28-day com-
pressive strength. The use of such byproducts in concrete, rather than
disposing them in a landﬁll, signiﬁcantly reduces the impact of such
materials on the environment. Their research concludes that the most
practical, environmentally friendly, and cost efﬁcient use of the recycled
materials (marble, terrazzo and granite) in a project is to be a partial
coarse aggregate substitute. According to the Leadership in Energy and
Environmental Design (LEED) system developed by the US Green
Building Council (USGBC), credits are given for reducing construction
and demolition waste disposed in landﬁlls and incineration facilities
by recovering, reusing, and recycling materials. In addition, the main
cost will be incurred in storing and collecting granite powder and iron
powder hazard materials. Thus recycling these materials and using as
partial replacement of sand in concrete will be beneﬁcial both environ-
mentally and economically.
Industrial wastes from the steel industry such as iron ore tailings and
iron powder wastes from steel production can be hazardous to the
environment. Stockpiling this material near production sites can results
in soil and groundwater contamination. Alzaed [4] evaluated the effects
of iron ﬁllings on the compressive and tensile strength of concrete. His
results showed that both the compressive strength and tensile strength
increasedwith the addition of ironﬁllings to themix. Kala [5] conducted
tests on granite powder as a partial sand replacement in high perfor-
mance concrete and showed the beneﬁcial effects on its mechanical
properties. Of all the six mixtures he considered, concrete with 25% of
granite powder (GP25) was found to be superior to other percentages
of granite powder concrete as well as conventional. Prabhu et al. [6]
studied the inﬂuence of Foundry Sand in concrete its strength and dura-
bility. Their results revealed that compared to the concrete mixtures
with a substitution rate of 30%, the control mixture had a compressive
strength about 6.3% higher. The results from durability tests of concrete
mixtures containing foundry sand up to 30% were relatively close to
those of the control mixture. Kumar et al., [7] studied the compressive
strength of concrete by replacing cementwith ceramic waste and utiliz-
ing the same in construction industry. Kumar et al., [8] investigated the
effect of using quarry dust as a possible substitute for cement in con-
crete. They evaluated various concrete mixes with partial replacement
of cement with varying percentage of quarry dust (10%, 15%, 20%, 25%,
30%, 35%, and 40%). From the experimental studies, they reported that
25% partial replacement of cement with quarry dust showed improve-
ment in hardened of concrete. Mustafa et al., [9] conducted a review
on ﬂy ash-based geopolymer concrete without cement and found that
the compressive strength increased with the increasing ﬂy ash ﬁneness
and thus reducing the porosity. Also, the ﬂy ash-based geopolymerprovided better resistance against aggressive environment and elevated
temperature compared to normal concrete. Baboo et al., [10] studied the
inﬂuence of the marble powder/granules in concrete mix and found an
increase in the workability and compressive strength with an increase
in the content of waste marble powder/granules. Alzboon et al. [11]
studied the effect of using stone cutting waste on the compression
strength and slump characteristics of concrete and showed that the
treated sludge generated from the stone cutting processes can be
regarded as a source of water used in concrete mixes.
One of themost important beneﬁts of substituting granite powder in
concrete is on human health. The controlled collection of granite dust
from industrial facilities will reduce the amount of silica in the air thus
reducing the risk of silicosis [12]. Workers involved in manufacturing,
grinding, ﬁnishing, and installing natural and manufactured stone and
granite countertops are at risk for signiﬁcant crystalline silica exposure.
Studies have shown that workers who inhale very small crystalline
silica particles are at risk for silicosis – an incurable, progressively
disabling and sometimes fatal lung disease [13]. The US Department of
Labor and the US National Institute of Occupational Safety and Health
(NIOSH) recommends that employers install and maintain engineering
controls to eliminate or reduce the amount of silica in the air and the
build-up of dust on equipment and surfaces. Examples of controls in-
clude: exhaust ventilation and dust collection systems, water sprays,
wet drilling, enclosed cabs, and drill platform skirts. NIOSH recom-
mends that employers control exposure to respirable crystalline silica
so that noworker is exposed to a time-weighted average concentration
of silica greater than 50 μg/m3 of air, as determined by a full-shift sample
for up to a 10-h workday of a 40-h workweek. The Occupational Safety
and Health Administration (OSHA) permissible limit of pure quartz sil-
ica exposure is about 100 μg/m3 [13]. Sirianni et al. [14] reported signif-
icant differences in particle size distributions in silica content of granite
quarries in Vermont depending on the extent of ventilation and the
nature and activity of work performed. The researchers concluded that
such variability in silica content raises concerns about the adequacy of
silica exposure assessment.
Vijayalakshmi et al. [15] evaluated the durability of concrete made
with granite powder. They studied durability properties such as water
permeability, rapid chloride penetration (RCPT), carbonation depth,
sulfate resistance and electrical resistivity. Their results showed that
the replacement of natural sand with granite powder (GP) waste up
to 15% of any formulation is favorable for the concrete making without
adversely affecting the strength and durability. They recommended to
chemically bleaching theGPprior to blending in the concrete to increase
the sulfate resistance.
Singh et al. [16,17] suggested that 25–40% of river sand can be
substituted by the granite cutting waste (GCW) with a favorable
inﬂuence on the investigated parameters. Their results showed that
the optimum amount of GCW to be used in concrete depends on the
water-cement ratio of concrete. Singh et al. [18] published a study
reviewing past research on replacing sand with granite dust. Their
review showed that granite dust has increased the mechanical proper-
ties of concrete and has the potential to produce durable concrete.
Their review of previous research showed that granite dust concrete
exhibits enhanced dense and compact concrete matrix at optimum
percentage replacement levels. Zhao et al. [19] studied the use of iron
ore tailings in ultra-high strength concrete. Their results showed
comparable results between the concrete with iron ore tailing less
than 40% and the control concrete.
Results from this study and from studies by others referenced in
this introduction showed that there are advantages to concrete
when granite powder is used to partially replace sand in the concrete
mix. The beneﬁts of using granite powder as partial replacement of
sand not only can enhance strength but also preserve the natural
resources of sand and also keeps these powder particles from being
airborne into the atmosphere causing health hazard to humans,
in particular children.
Table 2
Chemical composition of iron powder used this study.
Chemical compound Weight (%)
SiO2 2.41
TiO2 0.72
Al2O3 1.81
Fe2O3 89.0
MgO 0.23
MnO 2.16
CaO 0.45
Na2O 0.66
K2O 1.64
P2O5 0.34
Ni 0.002
Cu 0.003
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Granite powder and iron powder industrial byproducts resulting
from the granite stone crushing and polishing and from the steel pro-
duction respectively. These byproducts can be used as partial replace-
ment of sand in concrete. When used in certain proportions, granite
powder and iron powder have shown to increase the compressive
strength, ﬂexural strength, and splitting tensile strength of concrete.
The experimental research conducted in this study showed the me-
chanical properties of concrete have improved when granite powder
and iron powder were used as partial replacement of sand in speciﬁed
percentages. In addition, the use of these powders as a partial replace-
ment of sand will reduce the consumption of sand in the construction
industry thus preserving more of these natural resources. Recycling of
these byproducts and using them in concrete will reduce their health
hazards and their impact on the environment.3. Experimental investigation
The experimental program comprised of preparing concrete cubes,
beams, and cylinders with and without granite or iron powder replace-
ment. The concretemix included Portland cement, sand, granite powder
or iron powder, coarse aggregates, superplasticizer, and water. The
cubes were used to test the concrete compressive strength. The beams
and the cylinderswere used to test theﬂexural strength and split tensile
strength respectively.3.1. Materials
The material used in this study included the following: Ordinary
Portland cement, coarse aggregates, ﬁne aggregates (sand), granite
powder, iron powder, water, and superplasticizers. The cement was
Type I Portland cement. The coarse aggregates were crushed angular
coarse aggregate 10 mm to 20 mm (3/8in to 3/4 in) in size. The speciﬁc
gravity of the aggregates was 2.72 and ﬁneness modulus was 4.2. The
sand was approximately 2 mm in diameter and has a speciﬁc gravity
of 2.65 and a ﬁneness modulus equal to 2.3. The speciﬁc gravity of
granite powder was 2.53 and the ﬁneness modulus was approximately
2.4 with a particle size less than 90 μm. Typical chemical analysis of the
granite powder is shown in Table 1. The source of iron powder was iron
melting induction furnace and its chemical composition is shown in
Table 2. The gradation of granite powder, iron powder, and sand is
shown in Fig. 1. Thewater used for themix was potable water available
locally. The water was free from concentrated acids and organic
substances. A superplasticizer was used to improve the workability of
concrete. A 0.5% by weight of cement water-reducing superplasticizer
was added to improve the workability of concrete. The superplasticizer
was Universal Polycarboxylate based High-efﬁciency Concrete Water
Reducer Plasticize from a commercial supplier from Latvia.Table 1
Chemical composition of granite powder used in this study.
Chemical compound Weight (%)
SiO2 64.5
TiO2 0.67
Al2O3 12.01
Fe2O3 5.77
MgO 0.57
MnO 0.39
CaO 4.80
Na2O 5.92
K2O 5.26
P2O5 0.073.2. Preparation of granite powder test specimens
The granite powder was collected from granite crushing and
polishing sites and was dried before use. The cement and granite
powder were ﬁrst mixed thoroughly. Further sand and coarse
aggregate were added to the mix. The materials were mixed in dry
conditions for few minutes. Once all the materials were mixed well,
the super plasticizer was added to water and water containing
super plasticizer was added to the dry mix in a standard concrete mixer.
The resulting concrete mix was used to prepare 150 × 150 × 150 mm
(6 in×6 in×6 in) cubes and 100 × 100 × 500 mm
(4 in × 4 in × 20 in)beams, and 150 mm × 300 mm(6 in × 12 in) cyl-
inders. The concrete was poured into the molds and was compacted
25 blows by a compaction rod. After that the cubes, beams, and cyl-
inders were vibrated for 1 to 2 min on a vibrating machine and
then the top surface of the specimens was ﬁnished using a trowel.
After that, the molds were left to dry for 24 h. The specimens were
then removed from the molds and were cured in water tank for cur-
ing for 28 days. The curing timewas not a parameter in this study and
hence no comparisons were made for the effect of granite powder
(GP) on curing time. Several mixes were preparedwith different per-
centages of granite powder as partial replacement of sand. All other
ingredients were kept the same. The percentages of granite powder
used were 0%, 5%, 10%, 15%, and 20% of sand. The mix proportions
for the mixes tested in this study are shown in Table 3. A total of
ﬁve mixes were tested: MG0, MG5, MG10, MG15, andMG20 contain-
ing 0%, 5%, 10%, 15%, and 20% of GP by weight respectively. This con-
crete with granite powder had a slump equal to 80 mm (3.2 in) and
the compaction factor was 0.95. Plasticizing admixtures are added
to a concrete mixture to make the mix workable without additional
water especially for use in ready mixed concrete.Fig. 1. Grain size distribution of granite powder, iron powder, and sand.
Table 3
Mix design proportions for various granite powder (GP) ratios (kg/m3).
Mix Cement Sand
(FA)
Coarse
agg (CA)
Water GP Mix proportion
C: W: FA: CA: GP
MG0 410 620 1250 165 0 1: 0.4: 1.51: 3.05: 0.000
MG5 410 589 1250 165 31 1: 0.4: 1.43: 3.05: 0.075
MG10 410 558 1250 165 62 1: 0.4: 1.36: 3.05: 0.150
MG15 410 525 1250 165 95 1: 0.4: 1.28: 3.05: 0.225
MG20 410 496 1250 165 124 1: 0.4: 1.20: 3.05: 0.305
C—Cement; W—Water; FA—Fine aggregate; CA—Coarse aggregate; GP—Granite Powder.
Fig. 2. Testing of cube specimens in compression.
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The iron powder is primarily made from iron oxide ﬁnes with traces
of other chemicals. The preparation of concrete specimens with iron
powder was similar to those of the granite powder specimens. Table 4
shows the mix designs of concrete with various iron powder ratios.
The percentages of iron powder used were 0%, 5%, 10%, 15%, and 20%
of sand. Five mixes were tested: MI0, MI5, MI10, MI15, and MI20
containing 0%, 5%, 10%, 15%, and 20% of IP by weight respectively.
This concrete with iron powder had similar slump values compared to
GP mixes.
4. Testing of concrete cubes, cylinders and beams
Compression tests, split-cylinder tensile tests, and ﬂexural tests
were conducted on concrete cubes, concrete cylinders, and concrete
beams respectively. The compressive strength tests were according to
ASTM C39 while the ﬂexural strength tests and the splitting tensile
strength tests were done according to ASTM C78 and ASTM C496
respectively. Tests were performed at 7 days and 28 days. The compres-
sive testswere conducted using 2000 kN (450 kips) compressive testing
machine. Forty cubes were prepared and twenty were tested at 7 days
and the remaining twentywere tested at 28 days. Flexural test and split-
ting tensile test specimenswere tested using 1000 kN (225 kips) testing
machine. Figs. 2 and 3 show photos of the compression testingmachine
and ﬂexural test machine respectively. Twenty beams were prepared
and ten were tested at 7 days and the remaining ten were tested at
28 days. Similarly for the cylinders, twenty cylinders were prepared
and ten were tested at 7 days and the remaining ten were tested at
28 days. The test results of the cubes, beams, and cylinders of concrete
made with GP and IP were compared to the test results of the normal
concrete (control) specimens.
5. Test results of granite powder (Gp) concrete mixes
5.1. Compressive strength
The compressive strength of the cubes was determined for control
specimens and for specimens with various percentages of granite pow-
der. The average compressive strength of control cubes (Mix MG0) was
35.8 N/mm2 (5.2 ksi). The cubes with granite powder showed higher
compressive strength. The compressive strengths of mix designs MG5
(5% GP), MG10 (10% GP), MG15 (15% GP) and MG20 (20% GP) wereTable 4
Mix design proportions for various iron powder ratios (kg/m3).
Mix Cement Sand
(FA)
Coarse
agg (CA)
Water IP Mix proportion
C: W: FA: CA: GP
MI0 410 620 1250 165 0 1: 0.4: 1.51: 3.05: 0.000
MI5 410 589 1250 165 31 1: 0.4: 1.43: 3.05: 0.076
MI10 410 558 1250 165 62 1: 0.4: 1.36: 3.05: 0.152
MI15 410 525 1250 165 95 1: 0.4: 1.28: 3.05: 0.226
MI20 410 496 1250 165 124 1: 0.4: 1.21: 3.05: 0.302
C—Cement; W—Water; FA—Fine aggregate; CA—Coarse aggregate; GP—Granite Powder.47.1 N/mm2 (6.84 ksi), 48.9 N/mm2 (7.1 ksi), 42.9 N/mm2 (6.22 ksi),
38.7 N/mm2 (5.61 ksi) respectively. The test showed that the optimum
percentage of granite powder to achieve themaximum increase in com-
pressive strength was 10%. For 20% partial replacement of sand with
granite powder the increase in the compressive strength was relatively
small. The values of compressive strengths of cubesmadewith different
percentages of granite powder replacement of sand are given in Table 5
and also graphically presented in Fig. 4.
5.2. Flexural strength
The ﬂexural strength of concrete at failure or modulus of
rupture was measured using beam specimens. The modulus
of rupture is determined by testing twenty beam specimens
100 mm × 100 mm × 500 mm over a span length L = 400 mm
in a 4-point loading set up as shown in Fig. 5.
The ﬂexural strength (modulus of rupture) was determined using
the bending stress formula. The section modulus of the cross section
was 166,667 mm3 (10.17 in3) and load P was recorded by the data ac-
quisition system. The ﬂexural strength of the beams was determined
for the control beams as well as the beams with various percentages
of granite powder. The ﬂexural strength of control beams at 28 days
(Mix MG0) was 3.23 N/mm2 (469 psi). The beamswith granite powder
showed higher ﬂexural strength. The ﬂexural strengths of mix designs
MG5 (5% GP), MG10 (10% GP), MG15 (15% GP) and MG20 (20% GP)Fig. 3. Testing of beam specimens in ﬂexure.
Table 5
Compressive strengths of cubes with different proportions of (GP).
Mix
design
% of
granite
powder
Compressive
strength
(N/mm2)
at 7 days
Compressive
strength
(N/mm2)
at 28 days
% Increase
in
strength
at 7 days
% Increase
in
strength
at 28 days
MG0 0 25.1 35.8 – –
MG5 5 32.9 47.1 31.1 31.4
MG10 10 34.2 48.9 36.3 36.6
MG15 15 30.0 42.9 19.5 19.8
MG20 20 27.1 38.7 8.00 8.10
Fig. 4. Compressive strengths of cubes with different proportions of (GP).
Table 6
Flexural strength of beams with different proportions of (GP).
Mix
design
% of
granite
powder
Flexural
strength
(N/mm2)
at 7 days
Flexural
strength
(N/mm2)
at 28 days
% Increase
in
strength
at 7 days
% Increase
in
strength
at 28 days
MG0 0 2.26 3.23 – –
MG5 5 2.53 3.61 11.9 11.8
MG10 10 3.23 4.62 42.9 43.0
MG15 15 2.30 3.49 1.77 8.0
MG20 20 2.27 3.24 1.01 0.3
5S. Ghannam et al. / Sustainable Materials and Technologies 9 (2016) 1–9were 3.61 N/mm2 (524 psi), 4.62 N/mm2 (670 psi), 3.49 N/mm2
(506 psi), 3.42 N/mm2 (496 psi) respectively. The tests showed that
the optimum percentage of granite powder to achieve the maximum
increase in ﬂexural strength was 10%. For 20% partial replacement of
sand with granite powder the increase in the ﬂexural strength was
relatively small. The values of ﬂexural strengths of beams made with
different percentages of granite powder of sand are given in Table 6
and also presented graphically in Fig. 6.
5.3. Split tensile strength
The tensile strength of concrete was determined indirectly using
the split-cylinder strength test. The indirect test is widely accepted
test method to determine the tensile strength of concrete given the
difﬁculty and variability associated with the direct tensile tests. The
split-cylinder tensile strength was determined by testing twenty
150 mm × 300 mm (6 in × 12 in) cylinders. Ten cylinders were tested
at 7 days and ten cylinders were tested at 28 days. The split-cylinder
tensile strength was determined using Eq. (1):
f t ¼
2P
πLD
ð1ÞFig. 5. Flexure test-up owhere P is the cylinder failure load, L is the cylinder length equal to
300mm, and D is the cylinder diameter equal to 150mm. The split ten-
sile strength of the cylinderswas determined for the control cylinders as
well as the cylinders with various percentages of granite powder. The
split tensile strength of the control cylinders at 28 days (Mix MG0)
was 2.62 N/mm2 (380 psi). The cylinders with granite powder showed
higher ﬂexural strength compared to control mixes. The split tensile
strength of mix designs MG5 (5% GP), MG10 (10% GP), MG15
(15% GP) and MG20 (20% GP) were 2.71 N/mm2 (393 psi), 3.0 N/mm2
(435 psi), 2.39 N/mm2 (347 psi), 1.98 N/mm2 (287 psi) respectively.
The tests showed that the optimum percentage of granite powder to
achieve the maximum increase in split tensile strength was 15%
compared to an optimum value of 10% for compression and ﬂexural
strengths. For 20% partial replacement of sand with granite powder,
the split tensile strength was lower than the control cylinders. This ob-
servationwas different than those of compression and ﬂexural strength.
For compression and ﬂexural strength, the 20% replacement of granite
powder showed a modest increase rather than a decrease in strength.
The values of split tensile strength of cylinders made with different
percentages of granite powder of sand are shown in Table 7 and also
presented graphically in Fig. 7.5.4. Summary of test results of granite powder (GP) specimens
The concrete mix with granite powder (GP) in concrete showed
good workability and had slump values similar to those of normal
concretemixes. The ingredientswere easy tomix, pour, transport, ﬁnish
and demold. The compressive strength of concrete increased with the
addition of granite powder (GP) as partial replacement of sand. This
results inmore surface area that allowsmore Using 10% granite powder
(GP) in concrete gave the best result (highest increase in compressive
strength) compared to other ratios. The increase in this case was 36%.
The same observation for the compression strength was observed for
the ﬂexural strength. With 10% GP replacement, the increase in ﬂexural
strength was about 43%. For the split-cylinder tensile strength, the
optimumvalue of the percentage of (GP) in concretewas 15% compared
to 10% for ﬂexural and compressive strength. The increase in tensile
strength for 15% and 10% of (GP) was approximately 30% and 15%
respectively. For 20% (GP) in concrete the split tensile strength was
lower than that of the control mix.f concrete beams.
Fig. 6. Flexural strengths of beams with different proportions of (GP). Fig. 7. Split tensile strength of cylinders with different proportions of (GP).
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6.1. Compressive strength
The compressive strength of the cubes was determined for control
specimens and for specimens with various percentages of granite
powder. The compressive strength of control cubes (Mix MI0) at
28 days was 35.8 N/mm2 (5.2 ksi). The cubes with granite powder
showed higher compressive strength. The compressive strengths of
mix designs MI5 (5% IP), MI10 (10% IP), MI15 (15% IP) and MI20 (20%
IP) were 40.5 N/mm2 (5.88 ksi), 42.6 N/mm2 (6.18 ksi), 47.5 N/mm2
(6.89 ksi), 47.7 N/mm2 (6.92 ksi) respectively. The test showed that un-
like the GP tests, the iron powder (IP) specimens showed an increase in
compressive strength beyond 10%. At 15% and 20%, the increase was
almost the same suggesting that 15% seems to be an optimum value.
The values of compressive strengths of cubes made with different
percentages of iron powder (IP) replacement of sand are presented in
Table 8 and also shown graphically in Fig. 8.
6.2. Flexural strength
The ﬂexural strength at failure or modulus of rupture of concrete
made with iron powder was measured using beam specimens similar
to those made with granite powder as shown in Fig. 8 earlier. The
ﬂexural strength of the beams was determined for the control beams
as well as the beams with various percentages of iron powder. The ﬂex-
ural strength of control beams at 28 days (Mix MI0) was 3.36 N/mm2
(487 psi). The beamswith iron powder showed higher ﬂexural strength
than the control beam. The ﬂexural strengths of mix designs MI5
(5% IP), MG10 (10% IP), MI15 (15% IP) and MI20 (20% IP) were
3.91 N/mm2 (567 psi), 4.29 N/mm2 (623 psi), 4.61 N/mm2 (669 psi),
4.87 N/mm2 (706 psi) respectively.
The tests showed that the ﬂexural strength of concrete specimens
with IP continued to increase with the increase with iron powder
content. At 20% iron powder content, the increase of ﬂexural strength
was the maximum increase and was approximately 45%. The rate ofTable 7
Split tensile strength of cylinders with different proportions of (GP).
Mix design % of granite
powder
Split tensile
strength (N/mm2)
at 7 days
MG0 0 1.83
MG5 5 1.90
MG10 10 2.10
MG15 15 2.37
MG20 20 1.39increase in ﬂexural strength was higher than that of the compressive
strength. The values of ﬂexural strengths of beams made with different
percentages of granite powder of sand are presented in Table 9 and also
graphically shown in Fig. 9.
6.3. Split tensile strength
The tensile strength of concrete made with iron powder (IP) was
determined similar to those specimens made with (IP). Ten cylinders
were tested at 7 days and ten cylinders were tested at 28 days. The
split tensile strength of the control cylinders at 28 days (Mix MI0) was
2.8 N/mm2 (406 psi). The cylinders with granite powder showed higher
ﬂexural strength. The split tensile strength of mix designs MI5 (5% IP),
MI10 (10% IP), MI15 (15% IP) and MI20 (20% IP) were 3.0 N/mm2
(435 psi), 3.05 N/mm2 (443 psi), 3.15 N/mm2 (457 psi), 3.21 N/mm2
(466 psi) respectively. The tests showed that the split tensile strength
of concrete specimens with IP continued to increase with the increase
with iron powder content. At 20% iron powder content, the increase of
tensile strength was the maximum increase and was approximately
14.3% at 28 days. The rate of increase in split tensile strengthwas higher
than that of the compressive strength but was lower than that of the
ﬂexural strength. The values of ﬂexural strengths of beams made with
different percentages of iron powder (IP) of sand are presented in
Table 10 and also graphically shown in Fig. 10.
6.4. Summary of test results of iron powder (IP) specimens
The concrete mix with iron powder (IP) in concrete showed good
workability and had slump values similar to those of normal concrete
mixes. The compressive strength of concrete increased with the addi-
tion of iron powder (IP) as partial replacement of sand. The results
showed that the compressive strength continues to increase with
increased iron powder ratio. At 10%, the increase was 19% and at 20%
was 33%. For ﬂexural strength, the increase in strength was 27% and
44.9% for 10% and 20% ratios respectively. The tensile strength ofSplit tensile
strength (N/mm2)
at 28 days
% Increase
in strength
at 7 days
% Increase in
strength at
28 days
2.62 – –
2.71 3.82 3.44
3.00 14.76 14.5
3.39 29.51 29.4
1.98 −24.1 −24.4
Table 8
Compressive strengths of cubes with different proportions of (IP).
Mix
design
% of
granite
powder
Compressive
strength
(N/mm2)
at 7 days
Compressive
strength
(N/mm2)
at 28 days
% Increase
in
strength
at 7 days
% Increase
in
strength
at 28 days
MI0 0 25.1 35.8 – –
MI5 5 28.35 40.5 13.1 13.1
MI10 10 29.8 42.6 18.9 19.0
MI15 15 33.25 47.5 32.7 32.7
MI20 20 33.4 47.7 33.3 33.2
Table 9
Flexural strength of beams with different proportions of (IP).
Mix
design
% of
granite
powder
Flexural
strength
(N/mm2)
at 7 days
Flexural
strength
(N/mm2)
at 28 days
% Increase
in
strength
at 7 days
% Increase
in
strength
at 28 days
MI0 0 2.35 3.36 – –
MI5 5 2.74 3.91 16.6 16.4
MI10 10 3.00 4.29 27.6 27.7
MI15 15 3.23 4.61 37.4 37.2
MI20 20 3.41 4.87 45.1 44.9
7S. Ghannam et al. / Sustainable Materials and Technologies 9 (2016) 1–9concrete with iron powder also increased with the addition of iron
powder as partial replacement of sand. The increase in split tensile
strength was 8% and 14% for 10% iron powder ratio and 0% iron powder
ratio respectively.
7. Comparison of test results from granite powder (GP) and iron
powder (IP) specimens
Comparing the results of (GP) and (IP), the results show that up to
10% powder replacement, the granite powder (GP) shows more
increase in compressive strength compared to iron powder (IP). For
15% and 20% partial replacement, the iron powder (IP) showedmore in-
crease in compressive strength compared to granite powder (GP).
Fig. 11 shows a comparison of the compressive strength of concrete
with granite powder and iron powder. Comparing the results of ﬂexural
strength of (GP) and (IP), it is observed in Fig. 12 that at 5% powder
replacement, the iron powder (IP) shows slightly less increase in
ﬂexural strength than granite powder (GP). At 10% powder ratio, the
specimens with granite powder (GP) shows slightly more increase in
ﬂexural strength than iron powder (IP) specimens. For ratios more
than 10%, the increase in ﬂexural strength of the granite powder (GP)
specimens was signiﬁcantly less than those of iron powder (IP) speci-
mens. Fig. 13 shows a comparison of the tensile strength of concrete
with granite powder and iron powder. With more than 5% iron powder
(IP) content, the increase in tensile strength is less pronounced. At 20%
powder content, the tensile strength using granite powder (GP) is
signiﬁcantly less than that of iron powder (IP). Actually, they were
smaller than the control mixes.
8. Discussion of results
The experimental investigation carried out in this study showed that
partial replacement of sand in concrete with granite powder (GP) or
Iron Powder (IP) enhances its compressive strength, ﬂexural strength,
and tensile strength. The particle size is very important for the physicalFig. 8. Compressive strengths of cubes with different proportions of (IP).and chemical contributions of granite powder and iron powder in con-
crete. Because the particle size of granite powder is smaller than sand,
they were able to ﬁll the voids between sand particles similar to the
way sand particles ﬁll the void between coarser aggregates thus
resulting in less voids and higher density and strength. In addition, be-
cause the particle size is smaller than sand, the surface area will be larg-
er. Because of higher surface area of granite powder compared to sand,
the concrete is expected to have higher strength due to more bonded
areas with hydrating cement. Although the granite powder generally
has less silicon oxide content compared to sand and that not all granite
powder may react chemically with cement, the ﬁller effect will bring
improvements in the concrete. In the case of the iron powder, the in-
crease in strength may be attributed to the modest increase in ﬁneness
of particles especially in the smaller diameter particles. It also may be
attributed to the higher percentage of iron oxide in the iron powder.
The test results showed that the best gain in compressive strength and
ﬂexural strength was with 10% granite powder ratio. Beyond 10%, the
increase was less. It seems beyond this percentage, the ﬁlling effect of
granite powder is not optimized. Typically an optimal size distribution
in concrete will give higher density and fewer voids. If the particle size
distribution is not optimal, the concrete will have more voids leading
to lower strength. It seems that as the surface area increases, more hy-
drating cement is needed to bond these areas. If the water-cement
ratio and added admixtures are not enough to hydrate enough cement,
then the increased surface area of granite powder would not all be
bonded and therefore less strength was observed with increased ratios
of granite powder. Similar results were also observed by other re-
searchers [5,11,15,16,17,and 18]. The results of iron powder showed
that the compressive strength, ﬂexural strength and tensile strength in-
creased with higher iron powder ratios. The maximum ratio of iron
powder as partial replacement of sand was limited to 20% in this
study and therefore the trends in the change in mechanical properties
of concrete with ratios higher than 20% are not available. However,
the results for compressive strength and split tensile strength seem to
level off at 20%. For ﬂexural strength the increase was still noticeable
at 20%. The gradation, the surface geometry, and the presence of higherFig. 9. Flexural strengths of beams with different proportions of iron powder (IP).
Table 10
Split tensile strength of cylinders with different proportions of (IP).
Mix
design
% of granite
powder
Split tensile
strength
(N/mm2)
at 7 days
Split tensile
strength
(N/mm2)
at 28 days
% Increase
in strength
at 7 days
% Increase
in strength
at 28 days
MI0 0 1.95 2.8 – –
MI5 5 2.1 3.0 7.7 7.1
MI10 10 2.1 3.05 7.7 8.2
MI15 15 2.2 3.15 12.8 12.5
MI20 20 2.25 3.21 15.4 14.3
Fig. 12. Effect of % of (GP) and (IP) on the ﬂexural strength of concrete.
8 S. Ghannam et al. / Sustainable Materials and Technologies 9 (2016) 1–9percentages of iron oxide are likely reasons for the increase in strength
of iron powder concrete. The difference in behavior between granite
powder concrete and iron powder concrete beyond the 10% ratio is
shown in Figs. 11, 12, and 13. This difference can be attributed to the dif-
ference in chemical composition, gradation, and bonding mechanisms
of these materials.
9. Conclusions
Based on the results of this study, the following conclusions can
be drawn:
1. The concrete mix made using granite powder (GP) and iron powder
(IP) as partial replacement of sand showed good workability and
ﬂuidity similar to normal concrete mixes.Fig. 10. Split tensile strength of cylinders with different proportions of (IP).
Fig. 11. Effect of % of (GP) and (IP) on the compressive strength of concrete.2. The compressive strength of concrete increased with the addition of
granite powder (GP) as partial replacement of sand. Using 10% gran-
ite powder (GP) in concrete gave the best result (highest increase in
compressive strength) compared to other ratios.
3. Similar to the observations in the compressive strength, the ﬂexural
strength of concrete increased with the addition of granite powder
(GP) as partial replacement of sand. The maximum increase was
observed for 10% GP ratio.
4. For the split-cylinder tensile strength, the optimum value of the
percentage of (GP) in concrete was 15% compared to 10% for ﬂexural
and compressive strength. The increase in tensile strength for 15%
and 10% of (GP) was approximately 30% and 15% respectively. For
20% (GP) in concrete the split tensile strength was actually lower
than that of the control mix.
5. Formixeswith iron powder (IP), the compressive, ﬂexural, and tensile
strengths all increased with the increase in the (IP) ratio. Unlike the
granite powder (GP), the increase in strengths continued to concrete
with the increase in the (IP) ratio. The increase was more pronounced
in ﬂexural strength compared compressive and tensile strengths.
6. This studywas limited to the evaluation of themechanical properties
of concrete with granite powder and iron powder as well its
workability and ﬂuidity. The longer-term performance of concrete
with granite powder and iron powder was not part of this study.
Durability is important for the proper use of this material in structur-
al as well as non-structural applications and will be investigated in a
future study.Fig. 13. Effect of % of (GP) and (IP) on the tensile strength of concrete.
9S. Ghannam et al. / Sustainable Materials and Technologies 9 (2016) 1–97. This study aswell studies in other countries have shown the viability
of producing concrete with granite powder and iron powder
byproducts. This will encourage producers and environmental
groups to continue collecting and storing these hazardous airborne
ﬁnes. Life-cycle cost analysis for the use of thesematerials compared
to current concrete material also needs to be addressed in
future research.
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